Isolated reticulate bodies of Chlamydia psittaci were found to transport ATP and ADP by an ATP-ADP exchange mechanism. ATP uptake activity was not detected in elementary bodies. The (14) demonstrated that the 6BC strain of C. psittaci multiplying within L cells incorporates exogenous uridine and adenine labels into RNA at rates consistent with the parasite drawing exclusively on the host's ribonucleoside triphosphate pools for precursors. Ceballos and Hatch (6) found that C. psittaci is incapable of metabolizing guanine, but that the parasite growing within host cells can use host-generated guanine nucleotides as precursors for nucleic acid synthesis. Moulder (21) and Gill and Stewart (9) concluded that the enhanced rate of catabolism of glucose when L cells are infected with C. psittaci represents a host response to infection rather than independent parasite catabolic activity. Gill and Stewart (10) also found that antimycin, an inhibitor of electron transport in eucaryotes, reduces the yield of C. psittaci grown in L cells.
reduced concentration of ATP. The results support the concept that chlamydiae are energy parasites which are capable of drawing upon the adenine nucleotides of their hosts, hydrolyzing ATP, and establishing an energized membrane.
In 1%2 Moulder (20) speculated that members of the genus Chlamydia were energy parasites, i.e., bacteria which depend on their hosts for supplies of such high-energy metabolites as nucleoside triphosphates, acetyl coenzyme A, and others. The hypothesis was based entirely on negative evidence: the failure to detect oxidative activity, catabolism of glucose, and an electron transport chain in chlamydiae (1, 23) . Further investigation resulted in a failure to detect pyruvate kinase (22) , 1,6-diphosphofructokinase (22) , and hexokinase (34) in extracts of the meningopneumonitis strain of Chlamydia psittaci. The absence of cytochromes and flavoproteins was confirmed by Weiss and Kiesow (Bacteriol. Proc. p. 85, 1966) . More positive evidence supporting the hypothesis was supplied by Weiss and Wilson (36) , who found that incorporation of glucose-6phosphate, pyruvate, asparatate, and isoleucine into trichloracetic acid-precipitable material by intact chlamydiae is stimulated by exogenously supplied ATP. Tamura (33) found that the intracellular dividing form of C. psittaci (the reticulate body) incorporates GTP into RNA by both a DNA-dependent and a DNA-independent mechanism, and Sarov and Becker (30) found that the extracellular, infectious form (the elementary body), if rendered permeable with mercaptoethanol, incorporates nucleoside triphosphates into RNA. Using an equilibrium labeling technique, Hatch (14) demonstrated that the 6BC strain of C. psittaci multiplying within L cells incorporates exogenous uridine and adenine labels into RNA at rates consistent with the parasite drawing exclusively on the host's ribonucleoside triphosphate pools for precursors. Ceballos and Hatch (6) found that C. psittaci is incapable of metabolizing guanine, but that the parasite growing within host cells can use host-generated guanine nucleotides as precursors for nucleic acid synthesis. Moulder (21) and Gill and Stewart (9) concluded that the enhanced rate of catabolism of glucose when L cells are infected with C. psittaci represents a host response to infection rather than independent parasite catabolic activity. Gill and Stewart (10) also found that antimycin, an inhibitor of electron transport in eucaryotes, reduces the yield of C. psittaci grown in L cells. Although Moulder's "energy parasite" hypothesis has been supported by various investigations, many of these studies involved the use of the metabolically inactive elementary body form of chlamydiae. It is conceivable that the reticulate body form is capable of generating net ATP. Moreover, the transport of ATP by chlamydiae has not been demonstrated directly. The purpose of this investigation was to demonstrate that isolated C. psittaci organisms possess a specific mechanism for the uptake of ATP. Reticulate bodies of the 6BC strain of C. psittaci were found to take up ATP by an ATP-ADP exchange mechanism similar to that found in mitochondria (reviewed in references 18, 19 , and 35), Rickettsia prowazekii (38) and Methanobacterium thermoautotrophicum (7) . It also was determined that reticulate bodies possess ATPase activity. Evidence is presented that one of the functions of the chlamydial ATPase is to hydrolyze ATP and generate a proton motive force which can be used to concentrate lysine within C. psittaci reticulate bodies.
MATERIALS AND METHODS Preparation of C. psittaci. The 6BC strain of C. psittaci was grown in the Sb clone of mouse L cells (13) . Elementary bodies were harvested at 48 h postinfection from L cells infected with 10 times the 50% infective dose of C. psittaci, and reticulate bodies were harvested at 20 h from L cells infected with 50 times the 50%o infective dose of C. psittaci (15) . Crude harvests of elementary bodies and reticulate bodies were treated with 1 mg of DNase per ml for 30 min and then were purified by Renografin density centrifugation (15) . When indicated, crude preparations of elementary bodies were suspended in 5% Triton X-100 to lyse residual reticulate bodies before Renografin density centrifugation. The reticulate body fraction from uninfected cells was obtained by the addition of a boiled, Renografin-purified reticulate body preparation to uninfected L cells before the procedure for harvesting and purifying reticulate bodies.
Transport studies. 4C-labeled adenosine and 14C-and 32P-labeled nucleotides were added to preparations of purified C. psittaci in phosphate-buffered saline (total volume of 0.2 ml) and incubated at 25 or 40C. At the times indicated, phosphate-buffered saline at 4°C was added, and the chlamydial preparations were filtered onto membrane filters with 0.2-,um-diameter pores. The filters were washed three times with 5 ml of phosphate-buffered saline at 4°C, dried, and counted in a toluene-based scintillation cocktail.
[3H]Lysine transport was measured as indicated for nucleotide transport except that the incubation temperature was 370C. For experiments in which the fate of the [14C]ATP and [y-32P]ATP were determined, the incubation volume was 0.5 ml, and the reaction was stopped by filtration of the mixture without prior addition of phosphate-buffered saline. The filtrates were retained, and the filters were washed three times with 5 ml of phosphate-buffered saline at 4°C. Nucleotides associated with the filtered C. psittaci organisms were extracted for 2 h with 1 ml of 2 M formic acid at 4°C. Less than 5% of the counts remained associated with the filters after extraction. The extract was evaporated to dryness and suspended in 0.2 ml of water. Nucleotides in the filtrate (extracellular nucleotides) and in the extract (intracellular nucleotides) were separated on polyethyleneimine-impregnated cellulose thin-layer chromatography sheets (Brinkmann Instruments Inc., Westbury, N.Y.) by the two-dimensional method of Randerath and Randerath (28) . The nucleotides were detected by UV absorption and autoradiography, cut out, and counted by scintillation spectrometry. Protein was determined by the method of Peterson (25) .
Enzyme assays. The standard reaction mixture for the determination of ATPase activity contained C. psittaci (20 to 400 ,ug of protein), 2 mM ATP, 100 mM NaCl, 2.2 mM MgCl2, 5 mM KCI, 50 ,uM Na2EDTA, and 10 mM Tris-hydrochloride (pH 8.6) in a final volume of 1 ml. After 30 min of incubation at 37°C, the reaction was stopped with 0.3 ml of 30% trichloroacetic acid, and the precipitate was removed by centrifugation at 500 x g for 5 min. Pi in the supernatant fluid was determined by the colorimetric method of Ames (2) . One U of activity was equal to 1 ,umol mitochondria [17] and R. prowazekii [39] ) the concentration of 14C inside the reticulate bodies after 5 min of incubation was about 100 times the concentration of added [14C]ATP. Uptake of labeled ATP by the infectious elementary body form of C. psittaci did not occur at the concentration tested or was below the resolution of the assay. Isolated reticulate bodies also took up ADP, but did not take up AMP or adenosine. The ATP transport detected in the reticulate body preparations was not due to contamination by mitochondria, since the "reticulate body fraction" of uninfected L cells had no uptake activity above background (Table 1) . Also, 25 ,uM atractyloside, which inhibits ATP transport by rat liver mitochondria with a Ki of 10' M (19) , had no effect on ATP transport by purified preparations of reticulate bodies (Table 1) . In experiments not shown, it was found that reticulate bodies transport ATP in phosphate-buffered saline and in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid-KOH (pH 7.0) containing 0.25 M mannitol (HEPES-mannitol) with equal efficiency. ADP share a common translocation system. When reticulate bodies were preincubated with 10 ,uM [14C]ATP and then diluted 25-fold in phosphate-buffered saline containing unlabeled 10 ,uM ATP, over 80%o of the intracellular label was chased within 5 min; dilution in phosphatebuffered saline alone resulted in only a 20%o decrease in the intracellular label (Fig. 3) . When reticulate bodies prelabeled with [14C]ATP were incubated with 10 ,uM P-y-imidoadenosine-5'-triphosphate (a nonhydrolyzable analog of ATP) or with 10 ,M ADP, about 60%o of the radioactivity was chased, whereas 200 ,uM AMP, cAMP, dATP, adenosine, GTP, UTP, or CTP had no more effect than phosphate-buffered saline alone. Adenosine and the nucleotides which failed to chase intracellular label derived from
[14C]ATP also failed to inhibit the transport of ATP by reticulate bodies.
Fate of ATP transported by C. psittaci. ATP is hydrolyzed shortly after entry into reticulate bodies ( Table 2 ). The fate of the transported ATP was analyzed further (Fig. 4) In an attempt to determine the distribution of adenine nucleotides within C. psittaci, elementary bodies and reticulate bodies were harvested and purified from L cells which were incubated in the presence of 32Pj during the course of the infection, and the distribution of 32p in the acidsoluble pool of the preparations was determined by thin-layer chromatography (Table 3) . Most of the 32p in the elementary bodies was in ATP, whereas most of the label in the reticulate bodies was distributed between ADP and AMP. Taking into consideration the presence of three phosphate groups in ATP, two in ADP, and one in AMP, we calculated energy charges (3) occur in photosynthetic bacteria (4, 5) . In other studies, an apparent Km of 0.56 mM ATP and a Vm,, of 178 nmol of Pi formed per min per mg of protein were calculated for the ATPase associated with reticulate bodies. Also, the activity was unaffected by 2 mM oubain and was reduced by 60% when assayed in the absence of added M2+.
Mg2C
. psittaci elementary bodies treated with 5% Triton X-100 to eliminate contaminating reticulate bodies and mitochondria were free of ATPase and cytochrome c oxidase activities (data not shown). The failure to detect ATPase in intact elementary bodies was not surprising, since elementary bodies do not transport ATP; however, sonically lysed elementary bodies also lacked activity.
Lysine hnsport by reticulate bodies. Because chlamydiae lack an electron transport chain and key Krebs cycle reactions (1; E. Weiss and L. A. Kiesow, Bacteriol. Proc., p. 85, 1966), it is likely that the natural function of the chlamydial ATPase is not to generate ATP but rather to hydrolyze ATP and generate a proton motive force or an energized membrane. The proton motive force then could be used by the parasite to concentrate nutrients against the electrochemical gradient by mechanisms analogous to those found in other bacteria (reviewed in references 11 and 29), including organisms which lack an electron transport chain (12, 16) .
The transport of the nutrient lysine by Staphylococcus aureus is mediated by membrane potential (24) ; it also has been shown to be transported by an energy-dependent mechanism by the obligate intracellular parasite R. prowazekii (31) . Lysine transport in reticulate bodies was almost completely dependent on an exogenous supply of ATP ( Table 5 ). Assuming that 1 mg of chlamydial protein is equivalent to 1 RI of cell water (17, 38) , the intracellular concentration of lysine achieved in the experiment was 108 ,uM, or about 20 times the extracellular concentration of lysine (5.22 ,uM) . Oligomycin, an inhibitor of ATPase, and carbonyl cyanide p-trifluoromethoxyphenylhydrazone, a proton ionophore which collapses membrane potentials, reduced the ATP-stimulated transport of lysine by 85 and 53%, respectively. These inhibitors had little or no effect on the uptake of ATP. The simplest conclusion to be drawn from these results is that C. psittaci transports lysine by a mechanism which depends on ATP hydrolysis and on an energized membrane.
A proton motive force also was required to maintain intracellular lysine pools. When reticulate bodies were preloaded with [3H]lysine in the presence of 250 ,uM ATP and then diluted 25-fold in phosphate-buffered saline, about 50% of the labeled lysine exited the cells within 5 min (Fig. 5 ). An additional 5 min of incubation in phosphate-buffered saline resulted in a slight, but repeatable, elevation in the intracellular concentration of lysine. When the intracellular concentration of ATP was chased with ADP, about 60%o of the lysine exited the reticulate bodies. (8, 27, 40) , R. prowazekii (38) , and M. thermoautotrophicum (7), transport ATP and ADP by an exchange mechanism. The ATP-ADP translocation system appears to be specific: adenosine, AMP, cAMP, dATP, GTP, CTP, and UTP did not inhibit ATP uptake. Although this study does not prove that chlamydiae cannot generate net ATP, one requirement of Moulder's original energy parasite hypothesis (20) has been demonstrated: the dividing form of C. psittaci possesses a specific mechanism for the transport of ATP.
In mitochondria (8, 27, 40) and R. prowazekii (38) , ATP and ADP transport occur by an obligatory exchange mechanism: one molecule of internal nucleotide always is exchanged for one molecule of external nucleotide. It is uncertain that chlamydiae take up ADP and ATP by a onefor-one exchange mechanism, since the intracellular pool sizes of ATP and ADP were not measured before and after exposure to external adenine nucleotides in this study. The low energy charge in reticulate bodies after exposure to ATP suggests that this may be so. However, if chiamydiae are incapable of synthesizing adenine nucleotides de novo, then they must be capable of garnering ATP from host cells by a mechanism which is not obligately linked to exchange for ADP, since intracellular growth of reticulate bodies requires a net increase in the total adenine nucleotide content of the parasite. Nonetheless, the ATP-ADP translocation process may meet the bulk of the energy needs of the parasite, since it, together with the ATP-generating systems of the host cell, serves as a mechanism by which the parasite can regenerate ATP from ADP. In this respect, it is interesting that C. psittaci possess an adenylate kinase activity. Presumably, the purpose of this enzYme is to convert AM, whh apparently neither enters nor exits reticulate bodies efficiently, to ADP, which can be exchanged for host-generated ATP. Adenylate kinase has been detected in another obligate intracellular parasite, Rickettsia typhi (37).
It is not surprising that adenine nucleotide transport by C. psittaci was not affected by inhibitors of energy metabolism ( Pi, in that activity was partially dependent on added Mg2' and was inhibited by oligomycin.
Because chlamydiae lack an electron transport system and many of the reactions of the Krebs cycle, it is likely that the in vivo function of the chlamydial ATPase is to hydrolyze ATP and generate an energized membrane. This function and the ability of C. psittaci to generate an energized membrane were confirmed indirectly by the demonstration that reticulate body transport of lysine not only is dependent on exogenously supplied ATP, but also is inhibited by oligomycin and carbonyl cyanide p-trifluoromethoxyphenylhydrazone. The extrusion of protons in association with hydrolysis of ATP is not unprecedented in bacteria; Harold and Papineau (12) first demonstrated such an event in Streptococcus faecalis. The major difference between the generation of an energized membrane by chlamydiae and by streptococci is that chlamydiae use host-generated ATP as a substrate for their ATPase, whereas streptococci use ATP which they themselves generate by fermentation.
In many respects, chlamydiae may be regarded as "reverse mitochondria." For example, mitochondria import ADP from the host cytoplasm and export ATP, whereas chlamydiae import ATP and export ADP; and mitochondria use a proton motive force to drive the net generation of ATP from ADP, whereas chlamydiae hydrolyze ATP to ADP to generate a proton motive force. Since the natural environment of multiplying chlamydiae is the interior of eucaryotic cells, it is likely that these parasitic organisms are exceptionally rich in transport mechanims which permit them to garner many hostgenerated compounds which free-living bacteria usually synthesize de novo. The ability to generate an energized membrane probably is an integral part of many of these transport mechanisms. 
